We visualize the elemental zoning in an alumina-supported cobalt molybdenum sulfide (CoMoS) catalyst with scanning transmission X-ray microscopy (STXM). We use the Canadian Light Source beamline 10-ID's (SM) unique combination of soft X-ray and tender X-ray STXM to determine the spatial variation of Co, Al, Mo, and S species. The results clearly show the correlation between cobalt and molybdenum and the anticorrelation between cobalt and alumina, confirming that Co is closely associated with the MoS 2 phase. The tender X-ray STXM images show that the fresh catalyst particle contains a 50 nm ring of molybdenum oxide encapsulating the supported MoS 2 phase. After the reduction at 200°C with H 2 , this oxide rim disappears and a uniform MoS 2 distribution is found. Upon oxidation at 400°C, the sulfur disappears from the catalyst sample and molybdenum is oxidized from a Mo IV sulfide to a mainly tetrahedral Mo VI oxide, while cobalt keeps its divalent nature and changes from a Co II sulfide to a Co II oxide.
INTRODUCTION
Hydrodesulfurization (HDS) catalysts are receiving continuous attention because of their important function of removing sulfur from transportation fuels. For the past decades these catalysts have been applied in the petroleum industry for this vital role. Because of stringent environmental regulations in the United States and Europe, where the sulfur content in fuels, especially diesel fuels, must be lowered to below 10 ppm, more effective catalyst materials must be developed that efficiently lower the sulfur content to the desired levels. 1, 2 Similar catalyst systems also play an important role in other catalytic reactions, such as hydro-denitrogenation and hydro-deoxygenation. In this paper the classic alumina-supported Co-promoted molybdenum sulfides HDS catalysts is studied. 3−6 In the HDS reaction, sulfur is cleaved from organic molecules, such as thiophenes and (di)benzothiophenes. There is debate in the literature concerning the nature of the active sites in CoMo-and NiMo-based hydroprocessing catalysts. Authors agree that molybdenum sulfide (MoS 2 ) slabs are a main constituent of the active phase, but promotion by nickel or cobalt is required to obtain highly active catalysts. The role and location of the promoter atoms is a subject of debate. 7−12 One of the leading theories places the promoter atoms at the outer edge of the MoS 2 slabs, where they help create specific conditions beneficial to hydrogenation (electronic structure) or direct desulfurization (sulfur defects). Although the proximity of promoter and molybdenum structures can be demonstrated for example by extended Xray absorption fine structure (EXAFS) analysis, also separate clusters of cobalt sulfides (Co 9 S 8 ) are reported. It is thus of interest to study the local distribution of the constituents as well as their local chemistry, coordination, and oxidation state. Although oxidation of the catalyst material by air does not normally occur under industrial conditions, it may occur under laboratory conditions (e.g., sample transfer).
The X-ray absorption near-edge structure (XANES) is specific for the chemical nature. The aluminum K and sulfur K edge can be described as transitions from the 1s core state to empty states of p-character, and the molybdenum and cobalt L 3 edges as transitions from the 2p 3/2 core state to empty states of mainly 3d-character. The Al, S, and Mo edges can be well described with a single-particle transition, while the Co edge is strongly affected by multiplet effects. 13, 14 Scanning transmission X-ray microscopy (STXM) is able to measure XANES spectra at a spatial resolution of ∼25 nm. Here, the sample was heated to 450°C and kept at this temperature for 4 h. For the in situ reduction, 99.998% pure H 2 gas (Linde Canada) and compressed air 99.99% (Linde Canada) was used. Between the consecutive oxidation and reduction steps of the in situ reaction, helium (99.999%, HiQ, Linde Canada) was flowed through the reactor for 30 min. Prior to the measurement, the STXM chamber was evacuated for 10 min and subsequently filled with helium (99.99% grade, Linde Canada) to obtain 1/6 atmospheric pressure.
EXPERIMENTAL
2.2. STXM Experiments. STXM was carried out at the spectromicroscopy (SM) beamline 10ID-1 of the Canadian Light Source (CLS). The beamline provides linear polarized light between 130 and 2700 eV. Using Fresnel zone plates, monochromatic soft X-rays are used with a probe size of 25 nm. The sample is raster-scanned with synchronized detection of transmitted X-rays to create elemental maps.
We have measured the cobalt L 3 edge at 780 eV, the aluminum K edge at 1560 eV, the sulfur K edge at 2471 eV, and the molybdenum L 3 edge at 2522.5 eV. The energy resolution of the beamline is E/ΔE = 3000−10 000, and the flux at Co L 3 edge (780 eV) is >10 6 ph/s. At the Mo L 3 edge (2520 eV), the flux dramatically decreases to approximately 10 3 ph/s. For a measurement of the Co L 3 edge at 780 eV, a relatively thin catalyst particle is needed, whereas at the Mo L 3 edge at 2500 eV, a thicker particle is more suitable for sufficient absorption. This made it difficult to find convenient nanoparticles and structures that are positioned well inside the nanoreactor.
The nanoreactor consists of a reactor chamber of ∼500 × 500 × 50 μm 3 , which was supplied with gases by micrometer-sized gas channels and fitted with a resistive Pt heater element, allowing heating up to 400°C. The transmission through the 20 nm Si 3 N 4 windows, the 50 μm 1 bar gas atmosphere, and a 100−5000 nm thick sample allows for excellent in situ STXM-XAS experiments. 15 It is noted that the nanoreactor contains 5 × 5 μm 2 areas that have a window thickness of 10 nm, but at the cobalt L 3 edge (778 eV) and especially at the sulfur K edge and Mo L edges (∼2.5 keV), the STXM experiments are also possible through the 200 nm thick nanoreactor walls.
The plan of the in situ reaction is shown in detail in Figure 1 . The CoMoS/Al 2 O 3 was first measured in the state as it was introduced in the beamline. Then, three reaction steps were performed: (1) the reduction to create a uniform CoMoS sample with H 2 , (2) the oxidation with air, and (3) a second reduction with H 2 . All reactions were performed to a temperature up to 400°C, as shown in Figure 1 . This nanoreactor has been used previously for the measurement of other catalytic reactions under in situ STXM conditions. 16−18 Throughout the experiment, we have measured a number of particles that were present inside the nanoreactor. In this study we focus on one nanoparticle that has a size of approximately 9 × 5 μm. Particles that are smaller are problematic in the sense that the molybdenum L 3 and S K edges had a low signal-tonoise ratio and could not be used. The particles or aggregates with a larger size had problems due to saturation effects. The 9 × 5 μm (x, y) particle that was used in this study had the "ideal size" to allow the measurements of the cobalt L edge at 780 eV and also the Mo L edge at ∼2500 eV. The nanoreactor possesses temperature gradients over its internal structure, with higher temperatures at the center of the heater inside the nanoreactor. 18, 19 We have used the calibration curves for the temperature gradient to set the required temperature at the position of the nanoparticle of interest. The other nanoparticles inside the nanoreactor were at a (slightly) different temperature during the treatments. All measurements shown in the manuscript were measured in their completely reduced state or completely oxidized state. We have checked for a number of other particles that this complete reduction respectively oxidation was reached. The spectral shapes of the sulfur K edge and the molybdenum L edge did not change over time, confirming that under the conditions used, the X-ray beam did not influence the electronic structure (valence) of the system. XANES spectra and chemical maps were obtained from STXM image sequence (stack) scans. 20 For this study, S K edge and Mo L 3 edge combined image stacks were recorded from 2460 to 2560 eV with an energy step of 0.2 eV around the Figure 1 . Schematic showing the consecutive steps during the in situ STXM measurements. The time needed for each stage (ST) is 2 h. The sample is first measured in its initial state (fresh) after exposure to air under helium flow (ST1). Following this, the reactor was flowed with 1 mL/min of H 2 gas and heated in the first stage to 200°C (ST2) and subsequently to 400°C with a ramp of 20°C/min (ST3). After the reduction step, the sample was cooled under helium flow (ST4). The sample was then purged with air (1 mL/min) and heated to 200°C (ST5) and 400°C (ST6). After the sample was cooled to room temperature and flowed with helium, the sample was again heated under H 2 flow where the last stack was recorded (ST7).
XANES peaks and energy steps between 0.5 and 1.0 eV in the pre-edge and the continuum. The stacks for Co and Al were collected at the energy range of 775−785 eV and 1550−1600 eV, respectively. The energy has been calibrated with references from the literature for MoS 2 9 and CoO. 21 We did not apply any background correction. To map the 10 μm catalyst particle, we use a stack dimension of 15 × 10 μm that was raster scanned with 75 × 50 points, implying a pixel−pixel distance of 200 nm. The image pixel size was 25 nm, and dwell time was 2 ms per pixel.
The X-ray beam was focused on the sample plane using a Fresnel zone plate (ZP), where the beam is selected using an order-sorting aperture (OSA) with a 50 mm pinhole. The OSA allows only first-order diffracted light to pass. Sequences of spectral elemental images (stacks) were measured by recording images over a range of photon energies. Data analysis was performed using aXis2000. After the image sequence of a stack was aligned, spectra of the particle were extracted. In addition, stacks were fit to reference spectra of the components using linear regression. The gases were dosed with mass flow controllers (Bronkhorst). During the in situ STXM experiments a flow of 1 mL/min was used for all the utilized gases.
At the Mo L 3 edge (2500 eV), approximately 10% of the Xrays are transmitted, whereas at the cobalt L edge (780 eV), only 0.01% is transmitted. That a signal is measurable is only due to the fact that the beamline intensity at 780 eV is very high (10 11 ph/s), which allows one to lose 99.99% of the intensity and still measure a detectable signal. At 2500 eV the beamline intensity is much lower, (10 4 ph/s), but now 90% of the intensity is transmitted. Elemental maps can be generated from the raster-scanned XANES spectra. From these maps the distribution of the measured elements can be obtained and elemental maps can be generated. The images are obtained by subtracting the pre-edge image from the image taken at the respective energies as indicated in Table 1 .
RESULTS
3.1. XANES Spectra. Under flow of H 2 , the sample was heated to 400°C, where XANES spectra from the sulfur K (2470 eV) and Mo L 3 edge (2520 eV) have been measured. Because of the close proximity of their excitation energies they are simultaneously measured in a single stack. This makes the imaging easier as the resulting spectral elemental maps are directly aligned. The XANES spectra shown below have been added from the entire nanoparticle. Because of the low flux at the Mo L 3 and S K edges, the data quality of smaller regions was not good. As far as the data quality allowed, we could not detect any spatial difference in the spectral line shape.
The sulfur K edge spectra of the reduced sample and that of CoS, CoS 2 , Co 9 S 8 , and MoS 2 reference samples 9, 22 are shown in Figure 2 . Given the data quality and the similarity of the cobalt and molybdenum sulfide spectra, it is not possible to arrive at a firm conclusion regarding the nature of sulfur in our CoMoS sample. The best simulation of the CoMoS spectrum is from a combination of CoS/CoS 2 and MoS 2 spectra, but the presence of Co 9 S 8 cannot be ruled out.
The molybdenum L 3 absorption at 2522.9 eV is equivalent to the MoS 2 reference spectrum. 9 Following the STXM measurement, the sample was cooled to room temperature and kept under dynamic helium flow.
Then, under a flow of air, the temperature in the STXM cell was gradually increased to 200 and 400°C and in situ stacks were recorded to study the sulfurized phase of the sample. At 400°C the molybdenum L 3 edge is shifted toward higher energy (2528.2 and 2529.5 eV) and the spectral shape has also changed in agreement with the oxidation from Mo IV to Mo VI . 10,23−25 The double-peak structure is due to crystal field splitting, where in octahedral Mo VI species such as MoO 3 the first peak has more intensity and in tetrahedral species such as MoO 4 2− the second peak has more intensity. Bare showed the gradual change from tetrahedral to octahedral species. 24 In Figure 3 it can be seen that the second peak has more intensity, and we conclude that the spectra measured in the CoMoS sample contain molybdenum in majority in a tetrahedral surrounding. The splitting between the two peaks is approximately 1.5 eV, which also indicates a tetrahedral crystal field surrounding. 25 In Figure 4 , the cobalt L 3 spectrum of the CoMoS sample is given in the sulfided ST3 phase and in the oxide ST7 phase. The CoMoS spectrum in the oxide phase is equivalent to that of CoO. 12, 26 This indicates that cobalt is reduced to divalent cobalt and no Co 3+ can be detected. Trivalent cobalt would show as extra intensity at the high-energy side, as shown for the Co 3 O 4 reference spectrum. The aluminum K edge is shown in Figure 5 . The spectrum observed is identical to published spectra of ϒ-Al 2 O 3 . 11, 27 We observed no change in the aluminum K edge throughout the experiment indicating that there is no detectable change in the aluminum coordination and valence.
3.2. In Situ STXM Maps. The spectral elemental maps of molybdenum and sulfur are shown in Figure 6 . We have considered the quantification of the element maps to quantitative thickness or mass absorption but came to the conclusion that there are too many uncertainties to yield a reliable result. The unknowns are (1) the ratio between Codoped MoS 2 and Al 2 O 3 at every pixel and (2) the exact nature and density of Co-doped MoS 2 . As a result, the (column averaged) density at every pixel is unknown, implying that we cannot calculate the mass absorption and the thickness. To be more precise, the attenuation coefficient μ = x1*μ1 + x2*μ2, with x the amount and μ the attenuation coefficient for Al 2 O 3 and MoS 2 , respectively, and all four parameters are unknown.
As a result, we have chosen to show only the optical density (OD). In addition, we have chosen the ratio Mo/(Mo + S) to create a number between zero (only sulfur, no Mo) and the OD-ratio (only Mo, no S). Such analysis does not provide quantitative information on the amount of S and Mo, but only information on the spatial variation of the relative amounts. Figure 6 is divided in six vertical panels indicating the six different phases of the in situ reaction. Here, the top panel corresponds to the initial situation (fresh sample) before the reduction step, showing from left to right the molybdenum L 3 edge, the sulfur K edge, and the ratio map of Mo/(Mo + S) to the right. From the figure we can conclude that after reducing the sample at ST2 and ST3 both the molybdenum and sulfur regain their high dispersion over the complete particle. This is believed to be due to the surface mobility of the sulfides under hydrogen atmosphere and elevated temperatures. However, by looking at the ratio map of the fresh sample, we can distinguish Mo/(Mo + S) ratios close to 1.0 near the outer surface. In other words, the outside edge of the catalyst particle contains essentially no sulfur, indicating that this region of the sample has been oxidized to molybdenum oxide after exposure to air under ambient conditions. It can be concluded that the CoMoS sample is sensitive to oxidation upon exposing it to air. Even though the sample was kept at the room temperature and exposed for only a short time, an oxygen rim can be seen.
The second and third panel show the situation after the reduction at 200 and 400°C, respectively. Both molybdenum and sulfur are dispersed over the whole particle. The sulfurpoor rim around the particle has disappeared. After the oxidation at 200°C and following this at 400°C, the Mo/(Mo + S) ratio is almost equal to 1.0 over the whole particle ( Figure  6J −L,M−O). There is no sulfur absorption any more, as is evident from the sulfur spectral elemental map. From this we can conclude that the sulfur in the sample is replaced by oxygen by raising the temperature to 200°C. In the final step of the in situ reaction the sample was exposed to a second reduction step with temperature up to 400°C. The result is shown in the panels P−R of Figure 6 . Because sulfur absorption remains absent, the Mo/(Mo + S) ratio remains around 1.0 over the whole catalyst particle. Figure 7 shows the elemental maps of Al, Mo, and Co after oxidation (ST7), where all maps have been shown the OD values obtained after subtracting the value of the pre-edge from the respective edge values. In other words, we will analyze only the spatial variations of the relative occurrence. As indicated above we did not have enough information to normalize the . The panels show the spectral maps during different stages of the in situ reaction, ST1 to ST7, as indicated on the right (cf. Figure 1) . The scale bar indicates 2 μm. In the sulfided phases, cobalt is divalent and molybdenum appears in the Mo IV form, with a spectral shape identical to that of MoS 2 . From the sulfur K edge, we cannot distinguish if the spectral shape is dominated by CoS, CoS 2 , Co 9 S 8 , or MoS 2 . The Mo L 3 edge indicates the presence of MoS 2 , but regarding the cobalt phase we cannot make a conclusion based on the XANES data. It is also possible that cobalt appears in the form of CoMoS, CoAl 2 O 4 , and bulk Co 9 S 8 , which is expected for the fresh sample at ST2 and ST3.
After the oxidation step, the aluminum spectral shape resembles that of the ϒ-Al 2 O 3 reference compound; in other words, the aluminum state was not affected under all conditions. Cobalt is changed from a sulfide to an oxide, as evidenced by the sharp cobalt L 3 features. The valence of cobalt remains the same though; essentially, divalent cobalt-sulfide is changed into CoO, or in any case into an octahedral high-spin Co II oxide. At the same time molybdenum changes its valence from Mo IV into Mo VI . The fine structure of the Mo L 3 edge indicates that not MoO 3 but rather a tetrahedral Mo VI oxide species is formed. 4.2. Discussion on Distribution of Elements. The initial sample contains an oxide rim around the sample. This rim disappears under reduction that contains a homogeneous CoMoS phase. Under oxidation the sulfide phase is turned into a homogeneous oxide phase. We note that because of the very low flux at 2.5 keV, the data quality did not allow the study of spatial variations in the chemical information. The comparison of the Al, Co, and Mo maps indicates that Co and Mo appear to be correlated. The distribution of Co and Mo is in antiphase with the distribution of Al; in other words, where there is much alumina there is little CoMoS. These observations indicate that the CoMoS distribution is rather homogeneous over the micron scale with minor variations in the thicker parts (bottom left) of the alumina support. Cobalt and molybdenum are very well mixed into a homogeneous phase with only a minor increase of cobalt and molybdenum toward the outside of the particle.
CONCLUDING REMARKS
The sequence of reduction with H 2 , oxidation with air, and regeneration with H 2 on a single CoMoS/Al 2 O 3 HDS catalyst particle was measured with in situ STXM at the cobalt L 3 , aluminum K, sulfur K, and molybdenum L 3 edge. For the first time, the tender X-ray edges of molybdenum and sulfur were measured with STXM under in situ reduction and oxidation conditions. The sulfurized phase was oxidized at the edges, and a 50 nm oxide ring surrounded the catalyst particle. Under oxidation conditions MoS 2 species were converted to a tetrahedral Mo VI oxide species, while cobalt remained divalent. Sulfur has reacted with oxygen to form sulfur oxide species (SO x ), and at 200°C, the sample was fully oxidized and the Mo/(Mo + S) ratio was equal to 1.0. STXM enabled us to extract information about the oxidation state and distribution of the different elements under in situ conditions. The intensity of the cobalt and molybdenum images are correlated, and they are anticorrelated with aluminum, showing the intrinsic combination of Co and Mo in their sulfide phase. This correlation remained after oxidation.
The prospects of this technique are its application to study the in situ sulfurization of the oxide precursor of the CoMoS HDS catalyst. The most interesting process to study is the in situ hydrodesulfurization process of the thiophene and its derivatives to investigate the promotional effect of cobalt upon its addition to MoS 2 . This knowledge is obtained by measuring changes in the oxidation state and the coordination of cobalt and molybdenum.
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